ABSTRACT. Rockfalls are dominant in the rock slopes and rock ridge morphodynamics in high mountain areas and endanger people who pass along or stay there, as well as infrastructure that host them (cable cars, refuges). Risks are probably greater now because of fast permafrost degradation and regression of surface ice, two consequences of the atmospheric warming of the last decades. These two commonly associated factors are involved in the instability of rock slopes by modifying the mechanical behaviour of often ice-filled rock fractures and the mechanical constraints in the rock masses. This paper examines over 15 years the instability of the lower Arête des Cosmiques on the French side of the Mont Blanc massif. Its vulnerability is due to the presence of a high-capacity refuge on its top (3613 m a.s.l.). In 1998, a part of the refuge was left without support when a collapse of 600 m 3 occurred immediately below it. Since this date, reinforcement work has been carried out in this area, but the whole ridge has been affected by around 15 relatively shallow rockfalls. Through a multidisciplinary approach, this article assesses the role of the cryospheric factors in the triggering of these rockfalls.
Introduction
Glacier retreat and permafrost degradation are currently and progressively more thought to explain the increasing instability of rock slopes and rock ridges in high mountain environments. The hot or even blistering summers (2003) with numerous rockfalls experienced over the last two decades in the Alps have indeed contributed to test and/or strengthen the hypothesis of a strong correlation between rockfalls and global warming through these two cryospheric factors (Gruber et al. 2004) .
Permafrost is defined as any lithosphere materials that permanently remain at or below 0°C (for at least two consecutive years). Unlike glaciers that are ice masses visible at the surface, permafrost as a thermal state is invisible, inasmuch as it is a subsurface phenomenon and does not necessarily contain ice. However, especially when it is connected to glaciated areas or recently deglaciated areas, permafrost may contain -in rock discontinuities in the case of rock slope permafrost -ice as well as fillings of boulders, gravel, sand and rock particles, and also liquid water. This ice can provide a stabilizing role by increasing the shear and tensile strength of discontinuities (Davies et al. 2000; Krautblatter 2009 ) and by reducing the hydraulic permeability of the rock masses involved. The current global warming, intensifying the heat exchange between the atmosphere and permafrost, can induce the degradation of the latterand thus a loss of strength of discontinuities -in various ways (sequential or concurrent; Gruber and Haeberli 2007) : heating of the subsurface layer; deepening of the active layer (i.e. the superficial layer that thaws each summer); warming of the permafrost body; formation of thawing corridors along major discontinuities due to water/air circulation; and rise in altitude of isotherms and thus of the lower permafrost limit. The retreat of glaciers can lead to a loss of support at the base of rock slopes or to a decompression due to the variation of internal stresses in the rock: the stress release can open cracks and thus destabilize rock masses by gravity (Cossart et al. 2008) . In addition, newly exposed rock slopes following glacier retreat may be subject to previously never occurred phases of warming, accelerating permafrost degradation. Since the end of the Little Ice Age, some alpine glaciers have lost up to 300 m of ice or more in their marginal areas (Paul and Haeberli 2008) , and probably a few tens of meters in the lower area of their accumulation basin.
Rockfalls from recently deglaciated and/or thawing areas may have very important economic and social implications for high mountain infrastructure (Haeberli 1992; Haeberli et al. 1997; Harris et al. 2001; Arenson et al. 2009; Bommer et al. 2010; Kenner et al. 2011) and be a fatal hazard for mountaineers. At high mountain sites characterized by infrastructure that can be affected by rockfalls, the monitoring of rock slopes, permafrost and glaciers is thus an essential element for the sustainability of the infrastructure and for the management of risks (Bommer et al. 2010) .
Our article focuses on a particularly active area of the Mont Blanc massif, the lower Arête des Cosmiques (LAC), on which is located the very popular Refuge des Cosmiques (3613 m a.s.l.). Since 1998, the date of a rockfall that unsettled a part of the refuge and required major stabilizing work, observations made in particular by the hut keepers allowed rockfalls, especially on the SE face of the LAC, to be identified. Since 2009, this face is surveyed each year by terrestrial laser scanning to obtain high-resolution 3D models whose diachronic comparison gives precise measurements of the evolution of the rock slope. Furthermore, rock temperature measurements at the LAC and the close Aiguille du Midi (3842 m a.s.l.), and observations of the evolution of the underlying Glacier du Géant should enable the origin of the strong dynamics of this highly vulnerable area to be better understood.
Study site The Mont Blanc massif
The Mont Blanc massif, oriented SW-NE, has an area of approximately 550 km 2 and its highest point is at 4810 m a.s.l. Bordered by the deep Valley of Chamonix at the NW, Val Veny at the SE, and Val Ferret at the east, it is characterized by an extraordinary combination of peaks and ridges, with glaciers covering about 30% of its surface. Many of its granitic, fractured faces and summits stand well above 3000 m a.s.l.: the drainage divide between Rhône and Pô basins forms a 35-km-long crest line which is continuously above 3300 m and locally exceeds 4000 m a.s.l.
The Mont Blanc is mainly a granitic batholith formed during the Hercynian orogeny by granite intrusion in the gneissic basement (micaschists and gneiss). The Mont Blanc summit is on the contact of these two units. The granite changes from an intrusive position in gneiss in the SW to a tectonic contact in the NE. Tilted towards the NW, the massif is cut into panels by large subvertical Variscan, recurrent faults (north-south), and alpine faults (N40-N60°E) with mylonitized zones (shear zones). The Mont Blanc granite has a very coarsegrained texture, with facies varying from microgranite to porphyroidic granite. Multiple tectonic phases have broken up the rock with multiple direction planes that may overlap. Finally, the combination of past and present glaciations, steep and fractured rock walls, and strong relative relief results in high-magnitude morphodynamics.
The lower Arête des Cosmiques
The LAC is located at 600-1000 m SSW of the Aiguille du Midi (3842 m a.s.l.), developing horizontally over around 400 m (Fig. 1) . Its slopes differ strongly with respect to the elevation range (350 m for the NW face and 50 m for the SE face, on average) and structure with no particular structure visible in the NW face and a more massive but much fractured SE face.
At the SE face several sets of discontinuities can be observed. The main one corresponds to NW-SE-oriented faults. They determine the position of the main couloirs. In the immediate vicinity of these faults, the rock is 'crushed' in small blocks (shear zones). The general angle of the slope is approximately 50°and allows -at least during part of the year -the presence of a protective snow cover, especially in the couloirs that separate steeper spurs.
Besides these faults, two other sets of discontinuities are developing. A first set corresponds to a fracturing parallel to the faults. This fracturing is dominant over the SW half of the face. In the NE half, it is replaced by a set oriented WSW-ENE, which determines the meso-aspects of the rock slope. The rock mass here is cut into panels that are parallel to the slope (dip slope). This is particularly true for those upon which are built the foundations of the refuge. Halfway between the refuge and the southern limit of the LAC, the two sets of discontinuities have a similar development: rock is thus not cut into panels any more, but in large blocks, especially as a fourth much more heterogeneous set cuts the rock mass more or less horizontally.
The main feature of the LAC is to host the Refuge des Cosmiques (3613 m a.s.l.). A first refuge had been built in 1943 in order to study cosmic rays; it suffered from a fire in the 1980s. Built between 1989 and 1991, the new refuge with a very modern architecture combining metal, wood and glass has a capacity of over 140 beds. The foundations of the refuge are essentially a few dozen cubic metres of concrete poured by helicopter (multi-pod and concrete massif structure on the excavation surface). Accessible from the Aiguille du Midi, the refuge is held open for 8 months of the year and is the starting point of the famous Vallée Blanche ski descent and of numerous ascents (second main route to the Mont Blanc summit for example), which explains its high activity (10 000 to 12 000 nights per year). The NE end of the LAC hosts a small shelter made of wood (the Abri Perroux), located 70 m east of the refuge.
Methods

Rockfall identification: direct observations and terrestrial laser scanning
In order to better understand the trigger of rockfalls in high mountain rock slopes, a structured network of observers (mountain guides, refuge keepers) combined with direct field observations was developed in the Mont Blanc massif (Ravanel et al. 2010a) . On the French side of the massif, rockfalls started to be precisely documented in 2005. In the case of the LAC, the presence of refuge keepers attentive to the mountain evolution has yielded a quasi-complete corpus of rockfalls since 2003. Prior to this date, a rockfall in the hot summer of 1998 had already attracted the attention of keepers and risk managers in Chamonix. It affected the slope immediately below the refuge, requiring closure of the refuge and important consolidation work. These observations were then completed in the field by high-resolution topographic measurements in order to characterize the affected areas and to compute the fallen volumes.
Those topographic measurements have been carried out from the glacier surface using a terrestrial laser scanner (TLS) installed on a tripod anchored deep in the snow, ensuring a satisfactory instrument stability over the whole time needed to complete a scan (a few tens of minutes). The whole LAC was scanned from two positions located 80-100 m SE from the LAC in order to reduce masks due to the rough topography (spurs and couloirs). TLS is an active acquisition device that emits electromagnetic energy in the form of laser beams and records back the amount of energy that is reflected by the object being scanned. The high degree of accuracy in the measurement of the time of flight and of the angle attitude of each pulse provides high-resolution point clouds very quickly (Lichti et al. 2002; Oppikofer et al. 2008; Abellan et al. 2009; Ravanel et al. 2010b) . Our first TLS campaign in the Cosmiques area was carried out on 4 October 2009. Two others were carried out in the following two years (7 October 2010; 15 September 2011). Measurement campaigns are conducted at the end of the summer, when ice/snow cover is reduced, the geomorphic activity peak exceeded, and the weather quite stable. The device used was an Optech ILRIS 3D (wavelength: 1500 nm; acquisition speed: 2000 points per second; effective range: 600 m). According to the manufacturer, the acquisition accuracy of a point at 100 m is 7 mm in distance (distance between the TLS station and the measured point on the Y-axis of a coordinate system specific to the scanner; the Y-axis is generally perpendicular to the scanned surface) and 8 mm in position (on the X-and Z-axis). Initialization and setup of the scanner are controlled by a driver installed on a field computer. After the determination of shooting windows and the point spacing, the acquisition is carried out automatically with a resulting resolution of approximately 50. The obtained point clouds are registered in the software InnovMetric PolyWorks to get a full single high-resolution 3D model of the rockwall (a primary alignment with n pairs of corresponding points is then improved by best fit; Rabatel et al. 2008) . Since the purpose of the TLS here is to identify/quantify rock detachments and not to generate a geomechanical model, 3D models have not been referenced in a geographic coordinates system. The comparison of 3D models allows morphological changes to be measured. The result of this comparison is a difference map where each point of the 3D model 'data' is coloured depending on its distance from the nearest point on the 3D model 'reference'. The operator can then identify rockfalls once the differences resulting from changes in ice/snow cover -and eventually shifts in measuring stations -have been interpreted as such (see Fig. 3b ). Then, the volume of the identified rockfalls can be computed. The total uncertainty can be estimated by the quadratic sum of the different independent errors in acquisition and processing (Rabatel et al. 2008) . These include instrumental errors, environmental errors (changes in light propagation due to changes in temperature, pressure, wind and humidity), errors in the construction of the 3D models (errors of registration), and errors in the overlapping of 3D models when two successive models are compared. Avoiding point interpolation here -the derivation of a highresolution triangulated irregular network model is not necessary -the maximum total uncertainty is around 54 mm on the Y-axis, much less on the others. To overcome this uncertainty, differences less than 100 mm between two models are excluded from interpretation.
Rock temperature measurement
The surface temperature of a rock slope is controlled in particular by the mean annual air temperature (MAAT) partly depending on the altitude, the potential direct incoming solar radiation (PSR) received by the slope, depending on the topography (aspect, slope angle), and the snow cover. The MAAT can be inferred from local weather station data and/or regional climate models by applying an altitudinal gradient; the PSR is calculated with a GIS. Combining these two parameters with a digital elevation model (DEM), the mean annual ground surface temperature (MAGST) of the Mont Blanc massif can be modelled. The possible presence of permafrost at the Cosmiques area has thus been first estimated from the MAGST modelled with the energy balance model TEBAL (Gruber et al. 2004; Ravanel et al. 2010a) .
For continuous monitoring of the thermal regime of the SE and NW faces of the LAC, two Geoprecision M-Log6 sensors (resolution: 0.01°C, accuracy: Ϯ0.05°C) were installed in the rock in May 2011. On the SE face, the sensor was installed 15 m below the refuge (3598 m a.s.l.), in the 1998 scar. On the NW face, the sensor was installed 10 m below the terrace of the refuge (3603 m a.s.l.), in a massive slab. These sensors are composed of three thermistors positioned in shallow boreholes in massive bedrock at 3, 30 and 55 cm deep. The temperature was recorded every 6 h.
The same sensors have also been located in the nearby Piton central of the Aiguille du Midi since 2005. In addition to these subsurface sensors, three 11 m deep boreholes have been drilled in 2009 at the Aiguille du Midi, normal to the surface of the vertical NW face (3738 m a.s.l.) in a very massive rock, the SE face (3745 m a.s.l.) on a 55°slope that is more fractured and temporarily covered by snow, and the NE face (3753 m a.s.l.) on a 65°slope also covered by snow for part of the year. In each borehole, a chain of 15 thermistors (Stump YSI 44031; resolution: 0.1°C, accuracy: Ϯ0.1°C) measures the temperature every 3 h at depths between 30 cm and 10 m. These thermistors are useful for comparison with the LAC data and allow the active layer depth to be determined, as they are deeper than those on the LAC.
Characterization of glacier changes
The evolution of glaciers is easily discernible at the tongue of alpine glaciers which are currently losing up to several metres in thickness each year. However, accumulation zones are -even though to a much lesser extent -also affected by sometimes quite marked changes. There are less data concerning accumulation zones than ablation zones. The glacier changes were here quantitatively and qualitatively estimated by the following.
Point measurements of glacier mass balance.
In the upper basin of the Glacier du Géant, mass balance studies have been performed at individual points (GMB1 and GMB2 on Fig. 1 ) since 1994, currently under the GlacioClim observation service. Glacier mass balance (Bamber and Payne, 2004) is the difference between the amount of snow accumulated during the winter and the amount of snow/ice removed by melting during the warmer period.
To determine the mass balance in the accumulation zone, snowpack depth is measured by probing (more rarely snow pits or crevasse stratigraphy). 2. Topographic profile. There are no data concerning the annual evolution of the level of the surface of the Glacier du Géant, even though it largely depends on the mass balance. The closest available data are those of the Glacier du Between 2009 and 2011, three TLS surveys of the SE face were realized. These sets of data allow two comparisons of 3D models. The first comparison was used to assess the evolution of the SE face between October 2009 and October 2010 ( Fig. 3a ; Table 1 The second unstable area recognized during the period is the main couloir between the refuge and the Abri Perroux (2010d), where no significant instability had been observed previously. A minimal volume of 111.7 m 3 of rock (2010d) detached in early September 2010 in the lower part of the couloir and was deposited at the bottom of the couloir. Because it protected the glacier surface from ablation, the glacier at the foot of the couloir was higher by 1.7-2.5 m in 2010 compared with 2009, whereas it was lower everywhere else.
Many differences result from the second comparison between the models of October 2010 and September 2011 ( Fig. 3b; Table 1 ), but most of Finally, the refuge keepers reported a rockfall (probably > 1000 m 3 ) on the NW face, not surveyed by TLS, of the LAC during the night 24-25 August 2011. After the main collapse, block falls were heard for more than 10 min.
The rockfall of 1998, implications and management
On the basis of the noise, a first rockfall occurred on the evening of 21 August 1998. It was first supposed to be a huge ice fall from the close north face of the Mont Blanc du Tacul (4248 m a.s.l.). Early in the morning on 22 August, a second, larger rockfall occurred. This event affected the SE face of the LAC immediately below the refuge. The refuge was almost empty on this date due to hot and unstable weather which was not conducive to climbing. The staff were immediately evacuated, and a by-law prohibited access to the refuge.
The volume of rock (600 m 3 ) involved in a planar slide thanks to a discontinuity 55°E-56°SE corresponded mainly to a rather fractured slab, 32 m high, 10 m wide and 1.8 m thick on average (Fig. 5) . A part of the steel structure (several I profile beams, IPB) supporting the 'crystal' of the refuge (i.e. the prominent part of the SE glass façade) was built on this slab. After the rockfall, this part was only supported by the cohesion of the refuge provided by the original metal/wood structure, justifying the by-law.
Stabilization work of the refuge has been carried out in two steps. Soon after the rockfall and during the fall of 1998, a first step ensured the integrity of the building before winter. A prefectural order prohibited the reopening of the refuge before the completion of the second phase of work. Carried out mainly during April 1999, this step consisted of an anchoring of the rockwall, the establishment of a concrete settlement, and a re-seating of the metal structure of the 'crystal' on this settlement. The anchoring consists of steel anchors placed in holes drilled through the entire mass considered as unstable, penetrating into more stable rock to transfer forces with an acceptable degree of safety. Anchoring was made over a height of 20 m below the refuge, in the form of 120 passive anchors sealed along their entire 
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length (2-6 m), inducing additional shear resistance; 78 were placed directly into the scar. At a height of 10 m below the refuge, a protruding concrete reinforcement gave a greater cohesion to this much fractured area; 28 anchors provide stability on the east bank of the scar, and 14 on the west. A 6 m long horizontal concrete settlement was performed 10 m below the 'crystal'; this rigid support ensures the blocking of rock masses, and provides a foundation for the three IPBs which now support the 'crystal' (see Fig. 8a ).
Thermal state of the rock ridge
MAGST was modelled with TEBAL for the period 1982-2002, using meteorological data from Corvatsch and Jungfraujoch stations (Switzerland) and not the Aiguille du Midi station, where air temperature has been measured continuously only since February 2007. According to this model, MAGST of the rock slopes of the LAC are in the range -1 to -3°C, which suggests the combined presence of warm and cold permafrost. Warm permafrost is considered here as one whose mean annual temperature is greater than or equal to -2°C. It seems indeed that this temperature constitutes a stability threshold both in terms of geotechnical characteristics of the ice ) and stability of high alpine rock slopes (Ravanel et al. 2010a) . The threshold between cold and warm permafrost can be placed higher (particularly in soft ground context) or lower (Noetzli et al. 2003) in altitude according to authors.
Surface rock temperature sensors have too recently been implanted at the study area (summer 2011) to directly confirm the TEBAL modelling. However, data of the LAC can be compared -in spite of a difference in altitude of about 150 mwith those from the Aiguille du Midi boreholes, which are located in rockwalls with aspects close to those of the LAC sensors. At 55 cm depth, the mean annual temperature of the SE face of the Aiguille du Midi was 0.2°C from November 2010 to October 2011; it becomes negative below 1 m, reaching -1.5°C at 10 m depth; thus, permafrost at this SE face is warm. In the NW face, the mean annual temperature at 55 cm depth is -4.2°C (-4.7°C at 10 m depth), which indicates cold permafrost. The comparison of data between LAC and Aiguille du Midi during the summer 2011 is presented in Fig. 6 . The temperature regime is very similar in the SE faces with a mean offset of nearly 2°C, which could result from the lower altitude of the LAC sensor, its sheltered position (concave and downwind topography) and the winter and spring snow cover (see Fig. 8b ), which prevents the site from intense cooling. Negative mean annual temperatures at the SE aspect are likely found at greater depth (>1 m) in the LAC compared with the Aiguille du Midi. Rock temperatures in the NW faces of the two sites are very close only after the end of August; before this date, the regularly increasing temperature curve at the Aiguille du Midi is due to the insulating effect of the snow accumulated on the terrace above which the NW borehole is located. The similarity of the NW face a b temperatures during the late summer suggests the presence of still cold permafrost on the NW face of the LAC, despite the hot summers of the last two decades. Concerning the active layer at the Aiguille du Midi, it is 1.8 m and 2.3 m thick in the NW face, and 5.2 m and 7.9 m thick in the SE face in 2010 and 2011 respectively.
The presence of permafrost has been corroborated by the observation of massive ice in several rockfall scars (see Table 1 ). Only one case of rock particle-free ice was observed, in 2006. Dirty ice could be thick: damage assessors of the 1998 rockfall dug steps in a 20-25 cm thick layer of dirty ice within the scar. These observations emphasize the role of ice in the slope stability.
Surface lowering of the Glacier du Géant
Glacier evolution is a striking phenomenon in the area of the LAC, as in the whole of the Alps below 4000 m a.s.l. (Vincent et al. 2005) . Mountain guides' experience has shown that loss of ice thickness is not limited to glacier tongues (Fig. 7a) and that many steep mountain flanks have been gradually losing their ice cover (Fig. 8a) , even on north faces, which are expected to be colder. Similarly, old IGN topographic maps of 1952 ( Fig. 1 ; scale 1:10 000) or 1972 (scale 1:50 000) represent an almost continuous ice cover on the area at the east and SE of the refuge, which is not the case any longer today. In the study area, couloirs are becoming dry earlier in the year, especially close to rock faces that are increasingly high due to the lowering of the surface of the Glacier du Géant, even if the evolution is not uniform in space and time (Fig. 8) -very snowy winters and cool summers allow the glacier surface to rise again. This evolution is indeed largely dependent on glacial mass balance, whose inter-annual variability is strong (Fig. 7) : near the LAC, the eight available annual mass balance measurements over the past 15 years range from +1.29 m (1997-1998) to +3.19 m water equivalent (1998-1999) . In addition to this variability, there is a reduction of the winter and annual mass balance, which explains, together with the submergence velocity, the observed loss of glacier thickness. This loss has been confirmed by the comparison of DEMs extracted from satellite images (Berthier 2005) . The data at altitudes over 2500 m do not permit definitive conclusions as the 
Discussion
The geological structure of the LAC, with its very fractured or unstructured rock and discontinuities sub-parallel to the slope, appears highly favourable to instabilities. Seismicity as a triggering factor of the rockfalls can be eliminated because none of the precisely dated rockfalls occurred during a significant seismic event (magnitude Ն 2) registered by the SismAlp network (Thouvenot et al. 1990 ). The two cryospheric factors, permafrost degradation (Harris et al. 2009 ) and glacier shrinkage, need therefore to be analyzed (Haeberli 2005; Fischer et al. 2006 ) in order to understand the recurrent instability of the LAC over the last 15 years, when at least 15 (relatively shallow) rockfalls Ն20 m 3 occurred, especially on the SE face.
The role of permafrost
As suggested by the occurrence of rockfalls mainly during or at the end of hot periods in summer, degradation of the ice has likely participated in the triggering of a large part of these rockfalls. Geotechnical properties of bedrock containing ice depend on temperature Gruber and Haeberli 2007) : when it increases, the shear strength decreases. As illustrated by the 1998 rockfall, it may trigger mass movements and damage the basements of buildings. The rock temperature increase can be caused either by heat conduction, heat advection or a combination of both (Hasler et al. 2011) . In the latter case, it is often the water from snowmelt or storm rainfall that transfers heat to depth, as efficiently as the rock is fractured. The strength of ice depends at the same time on its temperature, hydrostatic pressure, and conditions of its formation, but also depends on the rock materials it contains: dirty ice observed at the LAC is probably of poor geotechnical quality.
The sharp temperature difference that exists between the NW face of the LAC in cold permafrost and the SE face in warm permafrost likely creates a strongly negative horizontal gradient directed from the warmer to the colder side of the ridge. As shown by Noetzli et al. (2007) , rock temperature fields below high mountain topography are indeed mainly controlled by spatially varying surface temperatures between different sides, with nearly vertical isotherms. As a result of this gradient and the suction force that appears during the formation of ice, pore water can migrate from nonfrozen or thawing areas to frozen areas. Depending on the supply of water, ice lenses can form as a result of this segregation and lead to an expansion of the rock discontinuities (Hasler et al. 2012) . Segregation could partly explain the considerable thickness of ice often present in scars on rock mass sliding planes located 1-3 m in depth. Thus, alternation of increase in ice content during segregation and decrease during the summer period modifies the geotechnical properties of the rock masses, especially in the case of the LAC where rockfalls seem to be primarily related to active layer developments.
At last, an important influence on rock temperature in the LAC could be the influence of the refuge itself on rock temperature. Heat was generated during construction but also during the subsequent use of the refuge. During construction, a disturbance should have occurred through excavation and concrete settings. The excavation created new topographical conditions, generating there the formation of a previously improbable active layer. The formation of this active layer has likely been greatly accelerated in 1989 by the setting of the few dozen of cubic metres of concrete, since concrete a b releases a considerable amount of hydration heat during its setting. According to Bommer et al. (2010) , 1 m 3 of concrete releases up to 170 000 kJ. Due to the lack of precise data, it is difficult to know the amount of heat potentially transmitted to the rock but it is probably high, whereas we do not know if cement was used to fill fractures. In any case, no special technical solution was used to prevent/delay heat transfer into the rock during the construction and during the 1998-1999 work. Currently, and for over 20 years, the refuge is heated 8 months a year, which may locally contribute to the degradation of permafrost. While it does not seem to be major, this factor cannot be totally ruled out to explain the rockfall that occurred just below the refuge in 1998.
The role of glacier retreat
The evolution of the glacier also directly interferes with the stability of the SE face of the LAC. It is indeed striking to note that the rockfall of 1998 has affected a slab whose base was located under the ice until that year (Fig. 8a) . The glacier mass balance of the hydrological year 1997-1998 is the lowest of the 8 years that have been measured, which caused a strong lowering of the glacier and the snow cover below the refuge. Similarly, 2010 and 2011 rockfalls in the couloir located east of the refuge were possibly related to the lowering of the glacier in the recent years. Before these dates, the glacier exerted a buttressing effect, stabilizing the critical geological structure. This is corroborated by the two rockfalls that occurred at the foot of the Cosmiques spur (250 m north of the refuge) between 2010 and 2011. Besides, the mean date of the rockfalls which occurred at the foot of the rock slope is found more than 22 days after the mean date of the events, which occurred in the crest area (Fig. 9) : collapses due to the decrease of the glacier may occur later than those associated with the permafrost activity/degradation. The glacier and its minimum level take place a bit later than the maximum activity in the active layer causing destabilization.
Concluding remarks
A large number of the rockfalls which have affected the LAC over the last 15 years seem to result from permafrost activity/degradation and loss of glacier buttressing or from their combination. Given the presence of permafrost and the proximity of the Glacier du Géant, the LAC should have benefitted from a detailed preliminary study before the construction of the refuge. It should have prepared an in-depth analysis of the glacier, rock temperature, and ice content, and analysed the geological and geomorphological context in order to forecast changes in the permafrost and glacier, and to determine long-term geotechnical characteristics of the bedrock during the lifetime of an infrastructure located in a high mountain areaespecially as some guides who participated in the construction argue that the presence of the ice behind the collapsed slab of 1998 was known during the construction of the refuge. In-depth analysis should now be a precondition to any construction in high mountain areas in the current context of global warming to identify the risks and the requisite engineering actions to ensure safety of structures and people and avoid costly work in case of instability.
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